Abstract-Loss of field (LOF) is detrimental to generator operation and, in some case, may lead to blackouts. Conventional loss of field protection schemes may not protect the generator under all operating conditions and are difficult to set. A recent study based on the polarities detection of V, Q, and δ(VQδ) shows good promise; however, it is still based on software simulation and not fully tested.
INTRODUCTION
Secure and fast protection of power system components should be provided in order to isolate the faulted area, minimize its effects on the nearby areas, and maintain system stability.
Generators are one of the most important components of the power system. They are prone to issues such as internal faults, system disturbances or operational hazards. Operational hazards include overvoltage, loss of synchronism, loss of excitation, etc. [1] . The excitation system of a synchronous generator is a critical and integral part of the machine's design. The excitation system maintains the terminal voltage within the accepted voltage range by responding quickly to load changes. It may be an AC excitation system, a DC excitation system or a static excitation system.
Generator loss of excitation can be caused by accidental tripping of a field breaker, field open circuit, slip-ring flashover, failure of the voltage regulation system, and loss of excitation system supply [2] .
When the generator loses its excitation, its reactive power support will be lost. Hence, it will try to absorb reactive power from the system which can result in a voltage drop. If the power grid is not able to meet the higher reactive power demand, this may lead to a voltage collapse [3] . In addition, generator loss of field may also cause stator overloading and rotor overheating, as well as loss of synchronism, all of which can result in loss of life for the generator.
The worst-case condition for generator loss of excitation is when the generator is heavily loaded. In this case, there is a higher probability of machine slipping poles (loss of synchronism) because high load means less system impedance which reduces the final slip frequency [2] . During light loads, the generator may not lose synchronism and can operate as a synchronous generator dependent on the principle of reluctance [4] .
In this paper the reliability of a new method of LOF detection has been investigated. Section II of this work reviews the conventional method as well as other methods used for LOF detection, whereas section III describes the concept of the VQδ detection method. Results and discussion are presented on section IV, and the work is concluded in section V.
II. LOF DETECTION METHODS IN LITERATURE
Conventional method: In 1949, the concept of LOF protection using impedance was introduced. Impedance scheme is the most utilized scheme for loss of field detection. The scheme defines two zones of operation. During an event of lossof-field, zone 1 operates under full load conditions while zone 2 operates under light load conditions. In other words, during high loads the impedance trajectory enters the operation zone faster than it does for light loads. Zone 2 is considered a backup for zone 1. During power swings, there is a high probability for the entrance of the impedance trajectory into zone 2. Therefore, a longer time delay is set for this zone to avoid mal-operation.
The conventional method shows mal-operation during severe stable power swing (SPS) conditions, for instance, a severe fault near the generator [2] . It was reported in a NERC technical reference that 13 out of 290 generator tripping resulted from LOF mal-operation during such disturbances [3] .
The conventional method may not be reliable during SPS conditions, i.e., it may trip unnecessarily (insecure). In addition, it requires a time delay which results in more stress on the generator and the network. Therefore, other techniques are proposed in the literature in an attempt to overcome these drawbacks.
Reference [2] introduced a new method of LOF detection based on fuzzy set theory. This method trips the breaker when the voltage range is between 0.5-0.8p.u; therefore if the system is strong, it will not work. Its operation depends on the system's robustness and it requires a considerable amount of data.
The approach presented on [6] does not need threshold settings and therefore does not depend on system parameters. This approach relies on the resistance variation at the generator terminals, because it turns into negative when the generator loses its field and remains negative (fixed polarity).
In [5] , a new strategy to detect synchronous generator loss of field is presented. This method primarily relies on the value and duration of the voltage and reactive power variation. The performance of the method formulated is compared to both the conventional method and the one proposed in [2] for different loading conditions, generator ratings and system configurations. The index presented in [5] has difficulty discriminating between SPS and loss of excitation however, a solution is presented in [7] .
There are several techniques based on magnetic flux variation in the air gap that have been presented ( [8] and [9] ),. These techniques have been criticized because in order to measure the machine flux, search sensor coils must be installed. However, machine owners are reluctant to install these because the installation process may lead to machine damage [7] .
A new method based on PMU measurement in the presence of flexible alternating current transmission system (FACTS) is presented in [10] , but this technique needs measurement synchronization and large amounts of information.
III. OVERVIEW OF THE VQ DETECTION METHOD
The concept of VQδ detection method depends on the divergence of the generator's electrical and mechanical quantities from their steady state values after a generator loss of field occurs on the system [12] .
When the generator loses its field, the reactive power and terminal voltage decrease, active power and current oscillate, while the power angle and speed increase. Voltage, angle and reactive power are utilized to calculate the detection indices because of their fixed polarity during loss of field.
The variation of the electrical quantities (in p.u) is expressed as an evolving time series as follows:
Where T0 is the time interval and XB is the base value.
Various permutations of the electrical quantities are multiplied together for better detectors as expressed in equation (2) .
is an amplified quantity to increase the loss-of-field detection index value and it depends on the index parameters.
Rotor angle, reactive power and terminal voltage are used to calculate the detection index because they show the highest variation.
The algorithm detects loss of field when the index exceeds a predefined value (threshold) for a specified time. The threshold value is determined according to the system conditions that lead to the minimum variations of the generator parameters when LOF occurs on the system. All parameters used to calculate indices are measurable except for the rotor angle delta. For this work, the rotor angle is estimated based on the equations referenced in [11] 
Where P is the terminal active power, Q is the terminal reactive power, Vt is the terminal voltage and subscript 1 is for steady state values.
The second estimation method relies on the integration of the generator speed to calculate the rotor angle, and has been used for further confirmation of the above calculation.
= ∫ 2 (∆̅̅̅̅)
SIMULATION RESULTS
The algorithm was tested on the IEEE 9-bus system. This system consists of 3 generators, 3 loads, 3 transformers, and 6 transmission lines as shown in Figure 1 . The performance of the algorithm has been evaluated on the IEEE 9-bus system for three different operating conditions:
• Normal operating conditions with different loading levels;
• SPS conditions;
• Normal operating conditions with multiple machines connected to bus-2.
The algorithm of the proposed method has been modified by eliminating the condition to start the algorithm, which states that the voltage should be less than 0.95p.u. The reason behind this modification is that LOF could occur on the system without causing the voltage to go below 0.95p.u.
A. Normal operating conditions with different loading levels
Nine different scenarios were simulated as shown on table I. In the nine cases the LOF is applied at time t=1.0 s. It is to be noted that when applying the loss of field for one generator on an IEEE 9-bus system, the behavior of the electrical quantities (Q, V and δ) is similar for different loading conditions. The sampling frequency is 10kHz. Fig. 1 IEEE9-bus system The threshold value is calculated using minimum index conditions. The index , , is positive for the nine loading conditions.
It can be observed that the algorithm detection time is not affected by the loading level of the generator as the detection time is similar during the different loading conditions. Therefore, it can be concluded that the algorithm is secure and fast for a stable system regardless of the loading level of the machine.
The detection times for both the conventional scheme and the proposed method are presented in table (I). The conventional method detection time is the time difference between the moment the field is lost and the time when the relay output is asserted. For security evaluation of the proposed index, non-loss of field disturbances (such as line out, load out, etc.) were applied on the simulated system and there were no trip commands generated; therefore the index can be considered as a secure index.
B. Loss of Field Coincident with a Stable Power Swing
Two cases were tested to simulate a stable power swing and loss of field. A SPS was simulated by applying a three phase fault at bus 3 (case A) and three phase fault at bus 4 (case B). The LOF was applied after the fault was cleared.
• Case A A stable power swing was simulated by applying a fault on bus 3 at t = 0.78 s and cleared at t=1.0 s. LOF occurred at t = 1.0 s. Figure ( 2), (3) and (4) below depict V,Q and  behavior after the SPS. The detection time for the proposed index and the conventional scheme is 4.6s and 12s respectively as shown in table (II).
 Case B Another power swing was simulated by applying a fault on bus 4 at 0.9 s and clearing at t=1.0 s. LOF occurred at t=3.0 s. The detection time is shown on table (II). C. Normal Operating Conditions with multiple machines connected on bus-2 The number of the generators on IEEE 9-bus system at bus 2 was increased from one to three and then to four in order to evaluate the algorithm when one of the generators on bus 2 suffers a loss of field. A simulation was performed under normal operating conditions with a loss of field on one of the generators occurring at simulation time = 1.0 s.
From Figures (7), (8) and (9), it can be seen that the rotor angle and reactive power variations have a fixed polarity (Q is negative and rotor angle is positive) while the terminal voltage variations oscillate. This is due to the fact that the other machines on the same bus are trying to maintain the bus voltage at 1.0 p.u. Therefore, the index will not have a fixed polarity as shown in Figure (10) . These oscillations will translate into oscillations on the detection index and hence the method will not be able detect the generator loss of field. The oscillations can be avoided by increasing the time interval T0; Figures (10) and (11) show the index when the time interval is 100ms and 300ms respectively. Therefore, the time interval should be selected such that the resulted oscillation does not affect the index polarity. Fig. 10 , , when T0=100 ms The index is shown in Figure 12 , when three generators are connected to bus 2. Note that the index has a fixed polarity (positive), but the algorithm does not trip because the index , , exceeds the threshold but for less than 2 seconds. Also, the algorithm doesn't trip when there are 4 generators on bus 2, and one of the generators loses its excitation.
CONCLUSION
The VQδ detection method has been tested on IEEE 9-Bus system and it shows a fast detection of LOF compared to the conventional method, for different loading and SPS conditions. The algorithm condition for starting the calculation of the index is when the voltage drops below 0.95 p.u. This condition is not necessarily met in all system configurations. Therefore, it is recommended to eliminate such condition.
The selection of the time interval T0 has a significant effect on the algorithm reliability. T0 should be large enough to guarantee that voltage oscillations will not affect the index polarity.
The algorithm failed in detecting LOF in the case of multiple machines connected to the same bus. Even though the index did exceed the threshold value, it did not meet the time delay criteria. A swing frequency of 0.3Hz was used to calculate the time delay. This time delay insured system security during SPS conditions. However, for LOF in the multiple-machine case, the index did not remain above the threshold value for the required time period. This scenario illustrates the tradeoff between the maximum time delay that guarantees detection of LOF and the minimum time delay required to avoid mal-operation during SPS conditions. The conventional method should be used as a backup for the VQδ detection method.The latter shows good detection for most cases except when there are multiple generators on the same bus.
